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It is shown that extremely strong electric fields may be generated at the surface of strange quark 
matter in the color-flavor locked phase because of the surface effects. Some properties of strange 
stars made of this matter are briefly discussed. 
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I. INTRODUCTION 

Strange quark matter (SQM) that consists of decon- 
fined u, d, and s quarks may be the absolute ground state 
of the strong interaction, i.e., absolutely stable with re- 
spect to 56 Fe If SQM is approximated as noninter- 
acting quarks, chemical equilibrium with respect to the 
weak interaction together with the relatively large mass 
of the s quark imply that the s quarks are less abundant 
than the other quarks, and electrons are required in SQM 
to neutralize the electric charge of the quarks. 

The electron densityat vanishing pressure is ~ 10~ 4 of 
the quark density PlEi The electrons, being bound to 
SQM by the electromagnetic interaction alone, are able 
to move freely across the SQM surface, but clearly cannot 
move to infinity because of the bulk electrostatic attrac- 
tion to the quarks. The distribution of electrons extends 
several hundred fermis above the SQM surface, and an 
enormous electric field E ~ 5 x 10 17 V cm -1 is generated 
in the surface electron layer to prevent the electrons from 
escaping to infinity, counterbalancing the degeneracy and 
thermal pressure 0, 0, El • 

Strange stars made entirely of SQM have long been 
proposed as an alternative to neutron stars (e.g., Q],|l||)- 
The electric field at the surface of strange stars drasti- 
cally affects their observational appearance. The point is 
that this field is a few 10 times higher than the critical 
field E CT ~ 1.3 x 10 16 V cm -1 at which vacuum is unsta- 
ble to creation of e + e~ pairs. Therefore, a hot strange 
star with a bare SQM surface may be a powerful source 
of e + e~ pairs which are created in the surface electric 
field and flow away from the star ((J 0, @- The ther- 
mal luminosity of such a star in pairs depends on the 
surface temperature T$ and may be as high as ~ 10 51 
ergs s _1 at the moment of formation when Tg may be up 
to ~ 10 11 K. The luminosity of a young bare strange star 
in pairs may remain high enough (> 10 36 ergs s _1 ) for 
- 10 3 yr 0. 

The surface electric field may be also responsible for 
existence of a crust of "normal" matter (ions and elec- 
trons) at the SQM surface of a strange star 3] . The ions 
in the inner layer are supported against the gravitational 
attraction to the underlying strange star by the electric 
field. 



It is becoming widely accepted that because of an at- 
tractive interaction between quarks in some specific chan- 
nels, the ground state of SQM is a color superconductor 
[To|. At asymptotic densities (3> no), this superconduc- 
tor is likely to be in the color-flavor locked (CFL) phase 
in which quarks of all three flavors and three colors are 
paired in a single condensate, where uq ~ 0.16 fm~ 3 is 
the normal nuclear density. Unfortunately, at interme- 
diate densities (~ 2no) that are relevant to the surface 
layers of strange stars, the QCD phase of SQM is un- 
certain. In this low density regime, the SQM may be 
not only in the CFL phase, but also in the "two color- 
flavor superconductor" (2SC) phase in which only u and 
d quarks of two color are paired in a single condensate, 
while the ones of third color and the s quarks of all three 
colors are unpaired. 



However, it was recently argued that the density range 
where the 2SC phase may exist is small, if any [Tj. In 
the CFL and 2SC phases, the Cooper pairs are made of 
quarks with equal and opposite momenta. Another possi- 
bility is a crystalline color superconductor (CCS), which 
involves pai ring between quarks whose momenta do not 
add to zero [L2|. In the 2SC and CCS phases, electrons 
are present, and the electron density is more or less the 
same as in the unpaired SQM. Therefore, superconduct- 
ing strange stars with the SQM surface layers in one of 
these phases are expected to be rather similar to strange 
stars that are made of noninteracting, unpaired quarks. 
It is now commonly accepted that the CFL phase of SQM 
in bulk consists of equal numbers of u, d, and s quarks 
and is electrically neutral in the absence of any electrons 
fl3| . At first sight, an extremely strong electric field is 
absent at the surface of SQM in the CFL phase. In turn, 
this could result in qualitatively changes of many proper- 
ties of strange stars (such as absence of both the intence 
emission of e + e~ pairs and normal matter crusts) if the 
strange star surface is in the CFL phase. In this Letter, 
we show that this is not the fact, and supercritical elec- 
tric fields may be generated at the CFL-phase surface 
because of the surface effects. 
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II. ELECTRIC FIELDS AT THE CFL SURFACE 

The modification of the density of quark states near 
the boundary of SQM gives rise to rather large positive 
surface tension for massive quarks |14| . Other sources of 
surface tension are probably smaller 2], and we ignore 
them here. 

The reason for the electrical neutrality of the CFL 
phase in bulk is that BCS-like pairing minimizes the en- 
ergy if the quark Fermi momenta are equal. In turn, for 
equal Fermi momenta, the numbers of u, d, s quarks are 
equal, and the electric charge of the quarks is zero. The 
properties of the CFL phase with taking into account the 
surface effects were discussed by Madsen |l5| , and it was 
shown that the number of massive quarks is reduced near 
the boundary relative to the number of massless quarks 
at fixed Fermi momenta. The change in number of quarks 
of flavor i per unit area is |15| 
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where i = {u, d, s}, pf.i is the Fermi momentum of quarks 
of flavor i, Aj = m i /pp il and is the rest mass of quarks 
of flavor i. The value of Ui,s is always negative, approach- 
ing zero for — * (massless quarks). The rest masses 
of u and d quarks are very small, and their densities are 
not modified significantly by the surface. Thus, the only 
appreciable contribution to the surface corrections arises 
from the s quarks, i.e., surface effects are highly flavor 
dependent. Because of surface depletion of s quarks thin 
layers at the surface of the CFL phase are no longer elec- 
trically neutral as in bulk. The charge per unit area is 
positive and equals 



for SQM in the unpaired phase neglecting the surface ef- 
fects (e.g., 0,0,13). We hope to deal with these effects 
for the unpaired, 2SC and CCS phases elsewhere. 

In a simple Thomas-Fermi model, the distribution of 
the electrostatic potential V(z,Ts) near the SQM sur- 
face with the temperature T$ is described by Poisson's 
equation (e.g., 011 El) 



d 2 V 4a . n o o 9 . 

— = -(e*V* + .*TlV), 



(3) 



where a is the fine-structure constant. The boundary 
conditions for equation J3J) are 



dV/dz = T 2?ro- 



(4) 



at the external (z = +0) and internal (z — — 0) sides 
of the SQM surface, respectively, and V — > as z — » 
±oo. The first integral of equation J3Jl, which satisfies 
the boundary condition at z — > ±oo, is 

^==f(|J) (e 2 V 4 + 27r 2 TjT/ 2 ) 1/2 • (5) 

where the sign — or + has to be taken at z > or z < 
0, respectively. Using the boundary condition JIJ and 
equations © and (J5J , we have the electrostatic potential 
at the SQM surface 



V(0, T s ) =V{0,0){[1+ (T s /T,) 
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where 
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and T. = ^M. (7) 
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The thickness of the charged layer at the surface of 
SQM in the CFL phase is of order of 1 fm, which is a 
typical strong interaction length scale. 

Electrons are required to neutralize electrically the 
charged layer of SQM. The thickness of the electron dis- 
tribution is about two order more than the thickness of 
the SQM charged layer (see 00 and below), and there- 
fore, we assume that the last is infinitesimal. In this 
case, the density of electrons n e and the electrostatic 
potential V are symmetric to the SQM charged layer, 
i.e, n e {— z) = n e (z) and V(— z) — V(z), where z is a 
space coordinate measuring height above the SQM sur- 
face. In turn, the electric field E = —dV/dz is directed 
from the SQM charged layer, and E(—z) = —E{z). The 
strength of the electric field at the SQM surface (\z\ — > 0) 
is E = [E(+0) - E(-0)]/2 = 2tr7, where a is given by 
equation J3J. Taking m s ~ 150 MeV and pf.s — 300 
MeV as typical parameters of SQM, from equations (JTJ 
and @ we have E ~ 2.7 x 10 18 V cm" 1 ~ 200£' cr that is 
~ 5 times larger than the surface electric field calculated 



or numerically 

V(Q, 0) ~ 3.6 x 10 7 V and T* ~ 11.6 MeV (8) 

for m s ~ 150 MeV and p F>s ~ 300 MeV. 

In the case of rather low temperatures (Ts *C T*), from 
equation JSJ the electrostatic potential is 
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where z = (37r/2a) 1 / 2 [ e y(0, 0)]" 1 ~ 2 x 10 2 fm is the 
typical thickness of the surface electron layer with a 
strong electric field. In this layer, the number density 
of electrons is (e.g., 0,^1) 



n e (z,0) 
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(10) 

Hence, at the surface of SQM in the CFL phase a 
Coulomb barrier with an extremely strong electric field 
may be present because of the surface effects in spite 
of that this phase in bulk consists of equal numbers of 
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u, d, and s quarks and is electrically neutral in the ab- supported by the Israel Science Foundation of the Israel 
sence of any electrons. In this case the electric field is Academy of Sciences and Humanities, 
directed from the SQM surface and E(—z) = —E(z). It 
is worth noting that the pairing energy contribution has 
been neglected by Madsen [l5j in the derivation of equa- 
tion (1). However, since the pairing energy is rather small 
compared with the other contributions to the energy, we 
think that this approximation doesn't affect the conclu- 
sions in this paper at least when the pairing energy is not 
extremely high. 



III. ASTROPHYSICAL CONSEQUENCES 

A strange star at the moment of its formation may 
be very hot, and the rate of neutrino-induced mass ejec- 
tion from the stellar surface may be very high ^tJ- I n 
this case, in a few second after the star formation the 
normal-matter crust is blown away, and the SQM sur- 
face is nearly (or completely) bare |7(. We have shown 
that a Coulomb barrier with the electrostatic potential 
of ~ 3.6 x 10 7 V may be present at the bare SQM sur- 
face of a strange star in the CFL phase. Such a barrier 
may be a powerful source of e + e~ pairs created in its 
extremely strong electric field 6] . The strange star lumi- 
nosity in pairs remains high enough (> 10 36 ergs s _1 ) as 
long as the surface temperature is higher than ~ 6 x 10 8 K 
0. Below this temperature, T s < 6 x 10 8 K, non- 
equilibrium quark-quark and electron-electron 0] 
bremsstrahlung radiation dominates in the thermal emis- 
sion from the surface of a bare strange star, i.e., the pair 
production by the Coulomb barrier is not significant. 

At the surface of a strange star in the CFL phase a 
massive normal matter crust may form by accretion of 
matter onto the star 0, E| ■ For the Coulomb barrier 
at the surface of such a star the electrostatic potential 
of electrons is eV(0, 0) ~ 36 MeV that is more than the 
electron chemical potential (~ 25 MeV) at which neutron 
drip occurs [2fl| . Therefore, the maximum density of the 
crust is limited by neutron drip and is about 4.3 x 10 11 
g cm~ 3 3]. At this density free neutrons begin to drip 
out of the most stable nucleus, 118 Kr (Z = 36). Be- 
ing electrically charge neutral, the neutrons can gravi- 
tate toward the star's quark core where they are con- 
verted into SQM. For a strange star in the CFL phase 
the maximum mass of the crust is ~ 1O _5 M . A mas- 
sive (AM ~ 1O -5 M ) crust of normal matter completely 
obscures the star's SQM core, and in the observed mass 
range (1 < M/M Q < 2) it is difficult to discriminate be- 
tween neutron stars and str ange stars with such crusts 
El (however, cf . Q ) . 



Acknowledgments 

I am grateful to K. Rajagopal for valuable discussions. 
I thank the referees for useful comments. This work was 



4 



[1] E. Witten, Phys. Rev. D 30, 272 (1984). 
[2] E. Farhi and R.L. Jaffe, Phys. Rev. D 30, 2379 (1984). 
[3] C. Alcock, E. Farhi, and A. Olinto, Astrophys. J. 310, 
261 (1986). 

[4] Ch. Kettner, F. Weber, M.K. Weigel, and N.K. Glenden- 

ning, Phys. Rev. D 51, 1440 (1995). 
[5] J. Hu and R.X. Xu, Astron. Astrophys. 387, 710 (2002). 
[6] V.V. Usov, Phys. Rev. Lett. 80, 230 (1998). 
[7] V.V. Usov, Astrophys. J. Lett. 550, L179 (2001). 
[8] A.G. Aksenov, M. Milgrom, and V.V. Usov, Mon. Not. 

Roy. Astron. Soc. 343, L69, (2003). 
[9] D. Page and V.V. Usov, Phys. Rev. Lett. 89, 131101 

(2002). 

[10] M. Alford, J. A. Bowers, and K. Rajagopal, J. Phys. G 
27, 541 (2001); K. Rajagopal, F. Wilczek in: M. Shif- 
man (Ed), At the Frontier of Particle Physics / Hand- 
book of QCD (World Scientific, Singapore, 2001), in press 
(hep-ph/0011333); M. Alford, Annu. Rev. Nucl. Part. 
Sci. 51, 131 (2001). 
[11] M. Alford and K. Rajagopal, [hep-ph/Ol 10150] 
[12] M. Alford, J. Bowers, and K. Rajagopal, Phys. Rev. D 
63, 074016 (2001); A.K. Leibovich, K. Rajagopal, and E. 
Shuster, Phys. Rev. D 64, 094005 (2001); I. Giannakis, 
J.T. Liu, and H.C. Ren, Phys. Rev. D 66, 031501 (2002); 
J.A. Bower and K. Rajagopal, Phys. Rev. D 66, 065002 
(2002). 

[13] K. Rajagopal and F. Wilczek, Phys. Rev. Lett. 86, 3492 



(2001); A.W. Steiner, S. Reddy, and M. Prakash, Phys. 

Rev. D 66, 094007 (2002); F. Neumann, M. Buballa, and 

M. Oertel, Nucl. Phys. A714, 481 (2003). 
[14] M.S. Berger and R.L. Jaffe, Phys. Rev. C 35, 213 (1987). 
[15] J. Madsen, Phys. Rev. Lett. 87, 172003 (2001). 
[16] K.S. Cheng and T. Harko, Astrophys. J. 596, 451 (2003). 
[17] S.E. Woosley and E. Baron, Astrophys. J. 391, 228 

(1992) ; A. Levinson and D. Eichler, Astrophys. J. 418, 
386 (1993); S.E. Woosley, Astron. Astrophys. 97, 205 

(1993) . 

[18] P. Jaikumar, C. Gale, D. Page, and M. Prakash, Phys. 
Rev. D 70, 023004 (2004). 

[19] V.V. Usov, Astrophys. J. Lett. 481, L107 (1997). 

[20] G. Baym, C.J. Pethick, and P.G. Sutherland, Astrophys. 
J. 170, 299 (1971). 

[21] P. Haensel, J.L. Zdunik, and R. Schaeffer, Astron. Astro- 
phys. 160, 121 (1986). 

[22] N.G. Glendenning, Compact Stars: Nuclear Physics, 
Particle Physics, and General Relativity (Springer, New 
York, 1997). 

[23] D. Page, M. Prakash, J.M. Lattimer, and A. Steiner, 

Phys. Rev. Lett. 85, 2048 (2000). 
[24] P.M. Pizzochero, Phys. Rev. Lett. 66, 2425 (1991). 
[25] X.-D. Li, I. Bombaci, M. Dey, J. Dey, and E.P.J, van den 

Heuvel, Phys. Rev. Lett. 83, 3776 (1999). 



